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INTRODUCTION 


1.    HJEPOSB  01?  THE  IKYBS T I GATI OH .      A  series  of  inves- 
tigations ^  *°  4j  undertaken  in  this  laboratory  with  the  object 
of  studying  ionio  relationships  in  aqueous  solutions  of  mixed 
strong  electrolytes  has  indicated  the  formation  of  higher  order 
compounds  in  the  ionization  process,  in  harmony  with  Werner's 
ideas  in  regard  to  its  mechanism. 

The  method  of  investigation  in  the  papers  referred  to 

has  been  to  study  the  equilibria  between  aqueous  and  metallic 
solutions,  using  mixevi  salt  solutions  and  liquid  amalgams.  The 
measurement  of  some  colligative  property  of  aqueous  solutions 
seemed  to  offer  a  means  of  testing  these  ideas  from  another  point 
of  attack,  and  consequently  it  was  planned  in  this  investigation 
to  measure  the  reversible  molal  heats  of  dilution  of  certain  mixed 
salt  solutions  and  to  compare  these  with  the  heats  of  dilution  of 
solutions  of  the  single  salts. 


2.      IONIZATION  OF  SALTS.      The  simple  theory  of  ion- 
ization as  put  forth  by  Arrhenius  suggests  almost  directly  the 
assumption  of  the  isohydric  principle,  and  this  principle  has 
been  almost  as  fundamental  as  the  hypothesis  itself  in  dealing 
with  mixed  solutions.     The  extreme  complexity  of  water  itself 
would  suggest  at  once  that  no  such  simple  laws  might  be  expected 
to  hold  quantitatively  except  possibly  in  dilute  solutions,  and 

yet  Superficial  conductance  measurements  by  Arrhenius(5)  T3arn 

.     (6)  (7)  (8) 

water        Sandoninni,      Sherril,        and  others  have  indicated  that 


the  principle  is  valid.    Thus  they  found  that  the  values  obtained 
for  the  specific  conductance  of  a  mixture  agreed  with  those  calc- 
ulated additively  from  the  specific  conductivities  of  the  separate 
salts  at  equivalent  concentrations.    These  calculations  are  "based 
on  the  assumption  that  the  ion  fractions  are  directly  proportional 
to  the  mol  fraction  of  the  salts.     It  has  "been  shown  in  the  series 
of  researches  already  referred  to  on  the  distribution  equilibrium 
of  various  pairs  of  molecular  species  between  two  nonmiscible 
phases  that  this  assumption  is  actually  not  true.    For  instance  it 
has  been  shown  that  "iijequivalent  mixtures  of  potassium  and  stron- 
tium chlorides,  the  simple  strontium-ion  fraction  decreases  while 

the  simple  potassium-ion  fraction  correspondingly  increases  with 

(4) 

increasing  total  salt  concentration."         in  the  same  way,  in  the 

(3) 

case  of  mixed  sodium  and  strontium  chloride  solutions  the 
sodium-ion  fraction  gained  on  the  strontium-ion  fraction:  and  even 
in  the  case  of  such  similar  salts  as  sodium  and  potassium  chlorides 

the  sodium-ion  fraction  gained,  though  not  so  much,  on  the  potas- 

(2) 

sium-ion  fraction. 

It  is  common  knowledge  that  the  various  methods  of  meas- 
uring degree  of  ionization  give  varying  results.     Indeed  it  seems 
that  even  the  approximate  agreement  of  the  conductivity  method,  the 
results  of  which  are  arbitrarily  taken  as  representing  the  truth, 
with  the  values  obtained  from  colligative  property  methods  is  due 

to  a  chance  compensation  of  opposite  influences  in  the  latter 

(9) 

method.    7/ashburn       suggests  that,  although  in  dilute  aqueous 
solutions  the  activity  of  an  ion  species  is  roughly  proportional 
to  its  concentration,  yet  as  a  matter  of  fact  the  ion  fugacity,  as 


he  suggests,  has  been  found  to  decrease  with  increasing  concentra- 
tion ox  the  ion  species.    On  the  other  hand,  the  fugacity  of  a 
molecular  species  increases  very  greatly  with  increase  in  concen- 
tration.    In  dilute  aqueous  solutions  of  strong  electrolytes  we 
have,  in  general,  a  large  number  of  ions  present  and  a  comparative 
ly  small  number  of  undissociated  molecules;  hence  when  we  measure 
a  colligative  property  of  a  solution  which  is  a  measure  of  the 
various  activities  or  fugacities  of  the  different  ion  or  molecular 
species  in  the  solution,  we  happen  to  get  nearer  a  measure  of 
their  various  concentrations  than  though  the  two  types  of  species, 
ion  and  molecular,  should  act  more  nearly  alike. 


3.      HEATS  OF  DILUTION.      The  reversible  molal  heat  of 
dilution,  L7,  of  an  aqueous  solution  at  any  concentration  is  rep- 
resented by  the  difference  in  the  heats  of  vaporization  of  one  mol 
of  water  from  a  solution  of  that  concentration  and  from  pure  water. 

Thus:     L-q  =  17y  -  Lv 

Here  Lj)  IS  THE  R3V3RSI3Le  molal  heat  of  dilution,  Lv  is 

the  heat  of  vaporization  of  one  mol  of  water  from  the  solution  in 

question,  and  Lv  is  the  heat  of  vaporization  of  one  mol  of  water 

from  pure  water. 

But    d( In?)  =        L        or  L  =  RT2  a ( 1"P )   ( Olausius- 

dT  HT2  dT  Glapeyron) 

Thus  ,  ( 10 ) 

LD  =  RT2  adnP/Pp 
dT 

Without  a  large  mass  of  experimental  data  on  the  partial 
vapor  pressure  of  water  in  solutions  of  various  concentrations  and 
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and  at  various  temperatures  there  is  no  method  of  calculating  the 
value  of  Ld  without  assuming  Raoult 1  s  lav:  for  cases  where  we  know 
it  does  not  hold.    For  dilute  solutions  where  Haoult's  law  does 
hold  the  ratio  P/Po  approaches  unity  so  that  Lt>  is  zero.     In  con- 
centrated solutions,  however,  "or  in  dilute  solutions  where  the 
process  of  dilution  is  associated  with  the  formation  of  new  mol- 
ecular complexes,  or  with  the  decomposition  of  those  already  oc- 
curring, the  heat  of  dilution  may  have  a  positive  or  negative 
(11) 

value. " 

If,  now,  one  should  measure  the  reversible  molal  heat  of 
dilution  for  a  given  concentration  of  solutions  of  single  salts, 
and  then  for  an  emivalent  concentration  of  a  solution  of  the 
mixed  salts,  one  might  expect  to  find  the  value  in  the  latter  case 
to  "be  somewhere  near  the  sum  of  the  other  values  unless  affected 
by  the  formation  of  new  molecular  complexes. 


MATERIALS. 
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The  strontium  chloride  was  in  the  form  of  Merk's  "mire 
crystals".    Most  of  the  material  was  recrystallized  once  from 
water.    This  proceedure  in  the  light  of  our  results  seems  unnec- 
essary, when  it  is  considered  that  the  hea't  effects  in  solutions 
as  concentrated  as  0.2  normal  were  so  small  as  to  be  hardly  meas- 
urable.    The  sodium  and  potassium  chlorides  were  of  various  brands, 
all  labeled  C.  P.     These  materials  are  easy  to  obtain  in  a  state 
of  high  purity,  and  inasmuch  as  small  amounts  of  impurities  have 
no  effect  on  the  results  in  this  work,  it  was  considered  unnec- 
essary to  purify  them  further. 

APPARATUS. 

THE  CALORIMETER  used  was  a  very  slight  modification  of 

(12) 

the  adiabatic  calorimeter  of  Maclnnes  and  Braham.  The  calor- 

imeter proper  is  outlined  in  cross  section  in  Fig.  2  and  a  view 
from  the  top  is  shown  in  Fig.   1.     These  figures,  together  with 
Pigs.  3,  4  and  5,  are  taken  by  kind  permission  of  Dr.  Maclnnes 
from  Maclnnes'  and  Braham' s  article  on  the  instrument.     The  cal- 
orimeter vessel  A-A,  a  ten  liter  vessel  made  of  heavy  copper  and 
nickle  plated,  is  separated  from  a  similar  surrounding  vessel 
B-B  by  a  6mm.  air  space.     The  separation  is  effected  by  a  rubber 
gasket  a,  and  a  supporting  ring  of  hari  rubber,  o.     The  seams  of 
both  vessels  are  brazed.    B-3  is  supported  on  brass  legs,  b,  that 
fit  into  holes  in  a  wooden  false  bottom  in  a  larger  vessel,  C. 
"The  vessel  B-B  carries  the  cover  M-M  of  5mm.  brass  which  can  be 
damned  on  the  2cm.  flange  of  B-B.    A  rubber  gasket,  e-e,  is  in- 
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ter-posed  between  the  cover  and  the  flange.     Screwed  into  the  cover 
are  a  number  of  tubes,  each  two  inches  Long,  through  which  pass 
the  platinum  resistance  thermometer,  P,  the  Leads  from  the  heater, 
H,  the  arms  from  the  stirrers,  S-S,  and  S1,  the  wire  supports ,g-g, 
of  the  diLution  cup,  G,  one  Leg  of  the  the rmo junction,  J,  and  the 
rod,  Z.     The  tube,  L,  is  for  the  purpose  of  fiLLing  the  diLution 

CUD. 

"The  sides  of  the  diLution  cup,  G,  are  made  of  thin 
sheet  cower  fastened  to  a  brass  ring  at  the  top  and  to  a  sheet 
brass  bottom.    A  brass  cover  3mm.  thick  carries  the  tubes  L'  and 
q.     This  cover  makes  a  water-tight  connection  with  the  ring  at 
the  top  of  the  cup  by  means  of  the  rubber  gasket  and  screws  as 
shown.     The  tube  L1  fits  under  L,  and  is  used  for  fiLLing  the  cup. 
The  stirrer  ST  -passes  through  the  tube  q.     In  a  verticaL  Line 
under  a  tube  in  the  caLorimeter  cover  M-M  two  hoLes,  y  and  z,  are 
bored  in  the  cover  and  bottom  of  the  diLution  cut).     The  hoLe  y 
is  cLosed  by  a  rubber  stopper  fastened  to  a  brass  rod,  X;  the 
hoLes  y  and  z  can  be  opened  in  turn.     The  cup  is  heLd  in  place  by 
means  of  wires  fastened  into  tubes  in  the  cover  M-M." 

The  stirrer  S-S  consists  of  four  brass  disks  with  hoLes 
punched  in  them  at  intervaLs. 

The  space  between  the  vesseLs  B  and  C  is  fiLLed  with 
water.     This  space  wiLL  be  referred  to  as  the  "surroundings".  In 
this  snace  is  pLaced  a  stirrer  T-T,  consisting  of  three  gaLvan- 
ized  iron  disks  each  containing  eight  hoLes.     "This  stirrer  car- 
ries four  coiLs  each  containing  eight  meters  of  number  L8  nichrome 
wire.     The  coiLs  pass  through  the  stirrer  disks  on  wooden  insuLa- 
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tors  and  are  arranged  diagonally  to  the  direction  of  motion  of  the 
stirrer,     These  ooiLs  are  connected  in  series  through  a  key  to  a 
source  of  LLO  volt  alternating  current.     "Thus  the  tem-perature  of 
the  surroundings  can  he  raised  at  any  time, 

"The  stirrers  S-S,  S',  and  T-T  are  all  connected  to  the 
yoXe  L,  which  is  given  an  up  and  down  motion  of  5cm.  sixty  times 
a  minute  by  means  of  a  crank  operated  through  a  system  of  -pulleys 
by  a  one  sixth  horse  power  motor.     This  method  of  stirring  has 
been  demonstrated  to  be  extremely  efficient. 

"The  vessels  C,  D,  and  E  are  of  heavy  galvanized  iron. 
Vessel  D  is  separated  from  vessel  G    by  an  air  snace."    The  space 
between  vessels  D  and  E  is  filled  with  water.     This  in  itself 
gives  a  rough  regulation  of  the  radiation  from  the  " surroundings". 
This  regulation  may  be  made  easier  by  regulating  the  temperature 
of  the  water  in  this  space  by  means  of  a  stirrer  and  heating 
coils  much  the  same  as  the  system  in  the  space  between  vessels  B 
and  C . 

THE  PLATIITUII  RESISTAUOE  THERMOMETER  was  one  designed  by 
(13) 

Dickinson  and  Mueller         and  made  by  Leeds  and  ITorthrup.  The 
resistance  of  the  thermometer  was  measured  by  means  of  a  Wheat- 
stone  bridge  designed  also  by  Dickinson  and  Ilueller  and  manufac- 
tured by  Leeds  and  ITorthrup.     The  upper  right  hand  corner  of 
Pig.  3  shows  a  diagram  of  the  bridge  and  connections.    R3  is  an 
adjustable  resistance  of  100  ohms,  the  lowest  coils  being  0.01  ohm. 
In  this  arm  of  the  bridge  the  compensative  leads,  c-c,  of  the 
thermometer  are  placed  in  series.     The  main  leads,  T-T,  of  the 
thermometer  are  connected  in  the  remaining  arm.    Ri  and  Rg  repre- 
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sent  the  ratio  coils.     Those  used  were  LOO  ohms  each.    The  bridge 
wire,  B,  shunted  "by  a  resistance,  e,  is  also  placed  in  the  arm 
with  the  main  thermometer  Leads.     "  'd'  is  a  resistance  equal  to 
that  of  the  shunted  "bridge  wire,  0,55  ohms.     The  shunts  f,  g,  and 
h  are  so  arranged  that  the  resistance  "between  the  points  1  and  m 
can  "be  adjusted  to  0.11,  0.22,  or  0.55  ohm,  equal  respectively  to 
the  increase  in  resistance  when  the  temperature  of  a  25  ohm  ther- 
mometer is  increased  roughly  1.1°,  2.2°,  or  5.5°.     The  shunt 
which  gives  a  change  in  resistance  corresponding  to  L.l°  is  the 
one  which  was  used.    Since  each  turn  of  the  bridge  wire  is  grad- 
uated in  200  divisions  which  can  be  readily  estimated  to  fifths, 
temperature  changes  corresponding  to  0.0001°  can  be  read  with 
ease . 

"A  dry  cell,  i,  is  connected  through  a  key,  k,  between 
the  junction  of  the  ratio  coils,  q.,  and  the  sLiding  contact  on 
the  bridge  wire,  d." 

The  galvanometer,  G,  is  a  Leeds  and  Uorthrup  "high  sen- 
sitivity" galvanometer  with  a  sensitivity  of  about  2mm.  per  micro 
volt  at  a  scale  distance  of  one  meter.     Its  resistance  is  13.5 
ohms . 

"A  MEPERENTIAL  THERMOMETER,  M  (Fig.  5),  consisting  of 
a  set  of  sixteen  copper-constantin  the rmo junctions  is  employed  to 
measure  the  constant  temperature  difference  maintained  between 
the  calorimeter  and  'surroundings'  during  a  determination."  The 
instrument  is  connected  in  series  with  a  galvanometer  in  such  a 
way  that  a  temperature  difference  of  0.15°  gives  a  deflection  of 
about  20mm.  at  a  scale  distance  of  one  meter.     It  is  connected 


through  a  key,  kg,  so  that  the  circuit  may  he  opened  at  any  time 
and  any  shift  from  the  zero  position  corrected.    During  a  part  of 
this  work  another  set  of  thermo junctions ,  Less  sensitive,  was 
pLaced  between  the  "surroundings"  and  the  outer  hath.    By  means  of 
a  double  switch,  Z,  the  same  galvanometer,  G2.  can  be  used  with 
either  set  of  junctions. 

THE  HEATERS  A1TD  C01TITECTI01TS  are  shown  on  the  right  side 
of  Fig.  3.     The  source  of  heat  for  the  calorimeter  coil,  J,  con- 
sisted of  a  storage  battery  arranged  to  deliver  10  volts.  By 
means  of  the  switch  at  To'  the  current  can  be  made  to  -oass  through 
the  heater  H,  or  through  a  polarizing  resistance  J^,  equal  to  the 
resistance  of  the  heater.    A  preliminary  polarization  of  the  cells 
by  passing  the  current  through  Wi   insures  a  steadier  current  when 
they  are  connected  to  the  heater. 

7/2  is  an  accurately  known  resistance  of  0.6419  ohm  in 
series  with  the  heater.     It  is  designed  to  carry  up  to  three  amp- 
ores  without  changing  its  resistance.    From  the  terminals  of  w© 
leads  -.re  run  to  the  double  throw  switch  l^>ftnd  thence  to  the  pot- 
entiometer, P.    From  the  potentiometer  reading  and  the  value  of 
Wj>  "the  current  passing  through  the  heater  can  be  calculated. 

"The  resistances  7/3  and  7/4  are  shunted  across  the  ter- 
minals 0-0  of  the  heator  H.     W4  ±s  10, 000  ohms  and  7/3  is  adjusted 
so  that  the  voltage  at  its  terminals  is  approximately  equal  to 
the  potential  drop  through  W£«"    The-  potential  drop  across  7/3  can 
also  be  read  on  the  potentiometer  P  by  adjustment  of  the  switch  L. 
From  this  value  and  a  knowledge  of  the  values  of  7/3  and  7/4  the 
E.  M.  F.  drop  through  the  heater  can  be  obtained.     The  potentiometer 
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is  equipped  with  a  Leeds  and  llorthrup  portable  galvanometer  of  ore 
megohm  sensitivity.    It  is  adjusted  by  means  of  a  Weston  standard 
cell.    The  time  during  which  current  is  passed  into  the  heater  is 
measured  by  means  of  a  stop  watch  which  has  been  repeatedly  com- 
pared with  an  accurate  clock. 

The  simultaneous  introduction  of  heat  into  the  calori- 
meter and  "surroundings"  is  brought  about  by  the  switch  at  1  o'. 
The  connectors  'a'  and  'b'  work  together  so  that  when  the  current 
from  the  storage  battery  is  shifted  from  the  polarizing  resistance 
to  the  heater,  the  alternating  current  from  a  110  volt  source  is 
at  the  same  time  sent  through  the  coils  in  the  "surroundings". 
The  rheostat,  z,  is  in  series  with  the  alternating  current,  and 
the  sliding  contact  is  so  placed  as  to  keep  the  difference  in  tem- 
perature between  the  calorimeter  and  the  "surroundings"  constant, 
leaving  the  operator  free  to  read  the  potentiometer.    A  key,  kg, 
is  arranged  so  as  to  be  able  to  "short"  the  full  strength  of  the 
alternating  current  through  the  coils  of  the  "surroundings".  The 
external  bath  is  provided  with  a  similar  arrangement  not  shown  in 
the  diagram. 

Fig.  5  shows  the  design  of  the  dilution  cup.    7/ith  this 
design,  which  is  an  improvement  over  that  shown  in  Fig,  4  -  one 
of  the  previous  designs  -  the  "dilution  of  water  with  water  is 
unaccompanied  by  any  heat  effect,"    Holes  y  and  z,  in  a  vertical 
line  under  a  tube  in  the  calorimeter  cover,  are  closed  with  rub- 
ber stoppers,  one -of  which  is  attached  to  the  rod,  X.     "The  en- 
tire cup  is  submerged  in  the  liquid  in  the  calorimeter.    To  op- 
erate, the  rod  1  is  pushed  down,  carrying  the  stopper  in  the  hole 
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,y*  with  it.    The  solution  rushes  into  the  free  space  in  the  oup. 
The  stopper  in  'z'  is  then  displaced  and  the  circulation  through 
the  cup  soon  causes  thorough  mixing." 

In  making  a  calorimetric  determination,  a  weighed  quan- 
tity of  a  salt  solution  of  a  known  concentration  is  introduced 
into  the  calorimeter  vessel.    The  apparatus  is  then  assembled  and 
a  weighed  amount  of  water  introduced  through  tubes  1  and  1'  (Fig. 
2)  into  the  dilution  cup.    The  "surroundings"  are  filled  with 
water  at  a  temperature  slightly  lower  than  that  of  the  solution 
in  the  calorimeter.    The  differential  thermometer  and  the  plat- 
inum resistance  thermometer  are  inserted  and  stirring  commenced. 
The  "surroundings"  are  then  slowly  heated  by  closing  key  k2  in- 
termittently until  the  difference  in  temperature  between  them 
and  the  calorimeter  liquid  is  about  0.15°  as  shown  by  the  throw 
of  galvanometer  Gg.    After  one  to  three  hours,  giving  time  for 
complete  uniformity  of  temperature  in  the  dilution  water  and  the 
solution,  readings  of  the  temperature  of  the  calorimeter  are  tak- 
en until  they  are  constant  to  0.0001°  for  from  five  to  ten  min- 
utes. 

From  here  on  the  proceedure  varies  according  to  whether 
the  heat  of  dilution,  as  determined  by  a  preliminary  trial,  is 
positive  or  negative.    If  it  is  positive,  the  solution  is  direct- 
ly diluted,  and  after  allowing  sufficient  time  for  mixing,  con- 
stant temperature  readings  are  again  obtained.    Next,  current  is 
passed  through  the  heater  for  a  known  length  of  time,  and  finally 
the  temperature  is  again  read  when  constant.     The  proceedure  in 
the  case  of  negative  heats  where  these  are  comparitively  large, 
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is  to  introduce  heat  into  the  solution  by  means  of  the  electric 
current  at  a  slightly  more  rapid  rate  than  it  is  taken  up  in  dil- 
ution.   Then,  after  finishing  the  run  as  described  above,  one  can 
calculate  the  number  of  calories  corresponding  to  the  electrical 
energy  introduced,  and  the  actual  number  of  calories  correspond- 
ing to  the  increase  in  temperature.    The  difference  would  be  the 
number  of  calories  due  to  the  heat  of  dilution.    3y  this  proceed- 
ure  the  heat  capacity  of  the  calorimeter  is  measured  as  a  part  of 
every  determination,  and  thus  inaccuracies  due  to  calculations 
from  questionable  data  on  specific  heats  of  solutions,  water 
equivalent  of  the  calorimeter,  slightly  varying  conditions  of 
experiments,  uncertainties  arising  from  the  calibration  of  the 
thermometer,  etc.  are  eliminated.    Thus  by  a  simple  proportion 
the  heat  of  dilution  can  be  obtained  at  once.    For  if  Hp    is  the 
heat  due  to  dilution,  expressed  in  joules,  then 

Hp  :  BIT    =  :  Re 

where  3  is  electromotive  force,  I  the  current,  and  T  the  time  in 
seconds  during  which  the  current  is  passed  through  the  calori- 
meter,         and  R3  are  the  changes  in  temperature,  in  resistance 
units,  due  respectively  to  the  dilution  and  to  the  electrical 
heating. 


or  -  HD  (in  calories)  : 


■    RD  :  R^ 


where  J  represents  Joule's  equivalent,  4.184  joules  per  calorie. 

Since  the  relation  between  the  change  in  resistance  and 
the  temperature  change  is  not  linear,  any  large  values  of  RD 
R™  would  have  to  be  corrected  by  means  of  the  relation, 
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100 


At  * 


AR» 


(RlOO  -  Ho)  (1  * 


in  whioh  Riqq  is  the  resistance  of  the  thermometer  in  steam  at 
760  mm.  Hg.  pressure,  Rq  is  its  resistance  in  melting  ice,  and 
&'  is  an  empirical  constant.    Llaclnnes  and  Braham  determined  Riqo 
and  Ho  for  the  thermometers  employed,  and  used  for  d'  the  value 
1.47,  recommended  by  the  Bureau  of  Standards.    They  found,  how- 
ever, that  with  the  values  of  RD,  and       of  the  magnitude  met 
with  in  their  work,  which  were  even  greater  than  those  met  with  in 
this  investigation,  the  correction  was  too  small  to  affect  their 
numerical  results  in  any  way;  so  that  if  ^R  «  0.02396,  then 
£t  -  0.239J5,  just  ten  times  the  numerical  value  of  ^R. 


equivalents  of  anhydrous  salt  per  one  thousand  grams  of  water. 
Their  concentration  was  determined  by  a  Volhard  determination  of 
the  chlorine.    The  salts  used  were  sodium  chloride,  potassium 
chloride  and  strontium  chloride;  and  the  concentrations  at  which 
the  heats  of  dilution  were  determined  were  0.2  weight  normal, 
0.4  weight  normal,  0.8  weight  normal,  1.6  weight  normal,  and  3.2 
weight  normal,  where,  as  before  stated,  they  are  expressed  in 
gram  equivalents  per  one  thousand  grams  of  water.    Points  on  the 
strontium  chloride  curve  were  also  obtained  for  concentrations 


M3TK0D. 


The  salt  solutions  were  made  up  on  the  basis  of  gram 


14 

of  1.2,     2,0,     2.4,    and  2.8  weight  normal. 

Mixed  salt  solutions  of  MaCl?l/2SrCl2 ,  HTaCl'lKCl, 
lKCl*l/23rCl2,    and  IKCl'ISrClg    were  also  run  at  the  above  men- 
tioned concentrations.    [These  solutions  were  prepared  "by  diluting 
a  volume  of  the  solution  of  one  of  the  salts  with  an  equal  vol- 
ume of  the  solution  of  the  same  concentration  of  the  other  salt. 
Thus  one  volume  of  0.8  weight  normal  KOI  and  one  volume  of  0.8 
weight  normal  KaCl  were  mixed  and  called  0.8  weight  normal  of  the 
mixed  salt. 

The  value  of  the  reversible  molal  heat  of  dilution  was 
obtained  by  diluting  the  solution  at  a  definite  concentration  with 
decreasing  amounts  of  water,  and  plotting  the  heat  effect  obtained 
against  the  number  of  mols  of  water  added.    The  curve  was  found  to 
be  a  straight  line  (at  this  region)  so  tha1?i  by  extrapolation  to 
zero  mols  of  water  added  ,the  value  of  the  reversible  molal  heat  of 
dilution  at  any  concentration  could  be  obtained.    That  is;  this 
value  would  approximate  the  quantity  of  heat  absorbed  or  evolved 
when  one  mol  of  solvent  is  added  to  an  infinite  quantity  of  sol- 
ution. 

ACCURACY.      The  very  small  values  of  the  heat  effects 
in  the  case  of  the  more  dilute  solutions  necessitated  only  approx- 
imate results  here.    Llaclnnes  and  Braham  state  that  heat  effects 
of  from  50  to  60  calories  can  be  measured  with  an  accuracy  of 
from  four  to  five  per  cent.    With  a  total  heat  effect  of  from 
5  to  20  calories  one  should  not  expect  much  more  than  30  to  50 
per  cent  accuracy.    In  these  cases ,  however,  an  error  of  even 
100  per  cent  would  change  the  point  on  the  curve  of  the  concen- 
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tration  plotted  against  the  molal  heat  effect  to  such  a  slight 
extent  that  the  curve  itself  would  he  unaffected.     In  the  case 
of  the  larger  heat  effects,  running  as  high  as  600  to  700  cal- 
ories, the  heat  changes  can  he  measured  to  within  one  fourth  to 
one  half  of  one  per  cent,  so  that  the  error  of  the  reversible 
heat  value  should  not  he  greater  than  one  to  two  per  cent. 

Some  justification  for  the  assumption  that  the  molal 
heat  values  obtained  by  diluting  a  certain  quantity  of  solution 
with  varying  amounts  of  water  give  a  straight  line  when  plotted 
against  the  numher  of  mo  Is  of  water  of  dilution  is  given  in  Fig- 
ure A.     The  data  for  these  curves  is  taken  from  Tables  VI,  XXV, 

and  XL  on  pages  24,  44,  and  61  respectively,     according  to 
(20) 

Thomsen         "the  value  of  the  thermal  change  on  dilution  always 
varies  with  variations  in  the  quantity  of  water  of  dilution,  and 
this  variation,  whether  positive  or  negative,  seems  to  have  the 
character  of  a  hyperbolic  function  of  the  quantity  of  water  ad- 
ded."    Is  will  he  seen,  the  region  of  the  curve  on  which  the  ex- 
perimental data  represented  in  all  of  the  remainder  of  the  curves 
is  tal^en  is  far  enough  from  the  vertex  that  the  change  of  slope 
of  the  curve  has  become  vanishingly  small,  and  it  is  practically 
a  straight  line.     (In  Figure  A,  mo  Is  of  water  of  dilution  per 
10,000  grams  of  solution  are  plotted  as  abscissae,  and  the  molal 
heat  effects  as  ordinates.) 
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EXPERIMENTAL. 

Tables  I  to  XXXIX    give  the  data  for  the  heats  of  dil- 
ution of  the  various  salt  solutions  and  mixtures,    A  few  curves 
representative  of  the  method  of  extrapolation  are  given.    Fig.  6 
gives  the  curve  for  1*6  wt.  II.  IlaCl  and  for  1.6  wt .  II.  KG1.  Fig. 
7  gives  the  curve  for  3.2  wt.  II.  KGl-ITaCl  and  for  3.2  wt.  II. 
XCl-l/2SrCl2 .    In  most  cases  the  values  obtained  by  drawing  sim- 
ilar curves  are  given  but  the  curves  themselves  are  not  included. 

In  the  following  tables  'Time'  is  the  tine  in  seconds 
during  which  the  heat  is  passed  through  the  calorimeter  heater; 
"Res.'  is  the  resistance  of  the  thermometer  in  ohms;  ^  H  is  the 
change  of  resistance  of  the  thermometer  in  ohms  multiplied  by 
10°; 'G-m.Soli  represents  the  number  of  grams  of  solution  to  be 
diluted;  'Mols  H20'  represents  the  number  of  mols  of  water  (as- 
suming 18  grams  to  the  mol.)  with  Yriiioh  the  solution  was  diluted; 
'Amp.'  is  the  current  in  amperes  through  the  heating  coil  of  the 
calorimeter;  f3.M.P. 1  is  the  voltage  drop  across  the  terminals  of 
this  same  coil;   'Gal.'  represents  the  number  of  calories  of  elec- 
trical energy  introduced.    The  total  heat  effect  of  the  dilution 
is  given  in  calories  as  well  as  the  molal  heat  effect.    The  latter 
value  is  obtained  from  the  former  by  dividing  it  by  the  number  of 
mols  of  water  of  dilution.     In  general  there  are  two  types  of 
tables,  the  one  in  the  case  of  a  LARGS  negative  heat  effect  where 
electrical  energy  was  introduced  during  the  dilution,  and  the 
other  in  the  case  of  positive  heat  effects  or  of  negative  heat 
effects  of  such  a  magnitude  that  the  temperature  difference  be- 
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tween  the  calorimeter  and  the  "surroundings"  could  "be  easily 
regulated  without  this  added  step»    In  each  case  one  sample 
calculation  is  given. 
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DISCUSSION. 

Figures  8  to  15  show  graphically  the  change  of  the  re- 
versible molal  heat  of  dilution  with  the  concentration.  Figures 
8  to  10  show  this  for  the  three  single  salts,  while  in  figure  11 
the  three  curves  are  plotted  to  the  same  scale.    Figures  12  to 
15  show  the  change  of  the  heat  of  dilution  of  the  various  salt 
mixtures  with  their  concentrations.     There  are  two  curves  in 
each  of  these  three  figures.     The  one  labeled  "Obs."  gives  the 
curve  as  it  was  observed  experimentally,  while  that  marked,TCalc. M 
is  plotted  from  data  calculated  on  the  assumption  that  the  heat 
of  dilution  of  a  mixed  salt  solution  is  equal  to  the  sum  of  the 
heats  of  dilution  of  solutions  of  the  various  constituents  at 
concentrations  equivalent  to  their  concentrations  in  the  mixed 
so lution. 

The  concentrations,  expressed  in  terms  of  weight  nor- 
mality, are  plotted  as  abscissae;  while  the  heats  of  dilution, 
in  calories  per  mol,  are  plotted  as  ordinates. 

It  will  be  at  once  noted  that,  without  exception,  the 
observed  values  lie  on  a  curve  which,  except  at  low  concentra- 
tions, is  significantly  higher  than  the  curve  for  the  calculated 
values.     This  holds  even  in  the  case  of  the  mixed  sodium  and 
potassium  salts  where  one  would  expect  the  least  deviation  from 

the  calculated  values;  and  is  in  harmony  with  the  conclusion  ^2) 
that  the  ion  fraction  of  one  of  the  metallic  constituents  in- 
creases with  increasing  total  salt  concentration,  since  the  two 
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curves,  which  practically  coincide  at  low  concentrations,  di- 
verge more  and  more  as  the  concentration  increases.     The  curve, 
to  "be  sure,  does  not  indicate  which  of  the  ion  fractions  in- 
creases. 

There  seems  to  he  no  simple  relation  "between  the  two 
curves.     In  the  case  of  the  mixture  IlaCl : l/2SrCls  the  divergence 
is  even  less  than  for  lTaCl:KCl.     The  experimental  curves,  then, 
seem  to  he  influenced  "by  three  factors.     There  are  the  specific 
effects  of    the  two  salt  components,  and  there  is  also  the  very 
apparent  effect  of  a  third  species  of  molecular  aggregate,  in 
all  probability  a  molecular  complex  of  the  two  salts  with  vary- 
ing amounts  of  water.     The  concentration  of  these  complexes,  in 
equilibrium  with  their  simple  components,  will  be  low  at  low 
total  salt  concentrations,  and  the  specific  effect  on  the  curve 
will  be  slight  so  that  the  two  curves  should  come  together  at 
low  concentrations.     This  is,  as  is  observed,  the  case.    As  the 
total  salt  concentration  increases,  the  concentration  of  these 
complexes  correspondingly  increases  and  the  curve  is  given  a 
component  of  slope  characteristic  of  them  and  depending  on  two 
things:  namely  their  individual  "heats  of  dilution"  at  the  con- 
centration at  which  they  occur,  which  will  depend  primarily  per- 
haps on  their  heats  of  formation;  and  the  rate  of  change  of  their 
concentration  with  the  total  salt  concentration,  or  in  other 
words  their  equilibrium  constant. 

Thus  if  the  value  of    K    in  the  expression 
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(KCLT:ITaCIy)  =  K 

(KC1)  (ITaCL) 

is  Large,  and  if  the  complex  (KC1)X: (HaCl)v  has  a  high  heat  of 
dilution  we  would  expect  the  slope  of  the  experimental  curve  to 
he  widely  divergent  from  that  of  the  calculated  curve,  since  a 
substance  of  high  heat  of  dilution  is  "being  rapidly  produced  with 
increasing  total  salt  concentration.     If  the  value  of    K  is 
small,  the  curves  will  diverge  less  rapidly. 

Tahle  XL  gives  the  results  of  a  short  series  of  exper- 
iments in  which  very  large  quantities  of  water  of  dilution  were 
used.     The  same  tendencies  will  be  noticed  when  such  quantities 
as  5,500  mo  Is  of  water  per  10,000  grams  of  solution  were  employed. 
Tahle  XLI  gives  a  summary  of  results  and  it  will  he  noted  that  in 
each  of  the  three  cases  of  mixed  solutions  the  observed  value  of 
the  molal  heat  effect  is  greater  than  the  calculated  value,  a  re- 
lationship which  agrees  with  those  brought  out  in  the  curves. 


Table  XLI. 

Observed  Calc. 


Salt. 

Cone. 

Gm.  Sol. 

Mo  Is  HsO 

Ht.  Effect 

Ht.  Effect 

SrCls 

3.2  wt.H. 

10,000 

5,555 

161 

cal. 

EC  I 

3.2  wt.H. 

10,000 

5,555 

-948 

tt 

NaCl 

3.2  wt.H. 

10,000 

5,555 

-1116 

IT 

HaCl:EGl 

3.2  wt.IT. 

10,000 

5,555 

-1010 

TT 

-825  cal. 

UaCl: 1/ESrCl 

.2  3.2  wt. 

IT.  10,000 

5,555 

-406 

Tt 

-390  " 

ZCL: L/2SrCls3.2  wt.H. 

10,000 

5,555 

-542 

IT 

-350  " 
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The  formation  of  these  complexes  is  not  out  of  harmony 

with  experimental  data.     The  sub  stances  2EX!l:Srds  and  2Nad: 

(14) 

SrCLs  have  "both  been  prepared  and  isoLated  and  ions  of  the 

type  (SrCL4)        and  (BaCl*)""    have  "been  referred  to  as  pro- 

(  L5) 

bably  existing  in  solution.  Indeed  it  seems  probable  that 

there  are  very  few  types  of  compounds  which  do  not  tend  to  form 

(16) 

"higher  order  compounds". 

As  was  stated  in  the  introduction,  the  existence  of  a 

measureable  heat  of  dilution  seems  due  to  the  existence  of  com- 

(11) 

plexes  which  are  formed  or  decomposed  with  dilution. 

The  thermodynamic  expression  for  the  reversible  molal 
heat  of  dilution,  Lp,  is 

o  d  In  p/p0 
I'D  ■  RT2  0 
dT 

For  a  negative  value  of  Lj),  as  in  the  case  of  KC1  and  Had,  the 
equation  tells  us  that  the  ratio  p/po  decreases  with  the  temp- 
erature.   Here    p    is  the  vapor  pressure  of  the  solution,  and 
pQ    is  the  vapor  pressure  of  the  pure  solvent  at  the  same  temp- 
erature.    Thus,  if  p/p0  decreases  with  increasing  temperature 
it  means  that  p  increases  more  slowly  with  the  temperature  than 
pQ,  and  from  Haoult's  law  this  would  indicate  that  at  higher 

temperatures  there  is  an  increase  in  the  degree  of  ionization 

(17) 

of  the  salt,    lloyes         found  experimentally,  however,  that  for 
salts  of  this  type  the  opposite  was  true,  namely  that  the  degree 
of  ionization  actually  decreased  with  the  temperature.  There 
must,  therefore,  be  some  factor  which  aids  in  determining  what 
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this  value  shall  "be,  other  than  simple  ionization.     The  heats  of 
ionization  can  "be  obtained  from  a  knowledge  of  the  rate  of  change 
of  the  degree  of  ionization  with  the  temperature,  from  the  rela- 
tion 

d  In  K      =  Q 
dT  HT2 

The  values  calculated  from  this  relationship,  however,  do  not 

seem  to  agree  with  those  observed.    For  instance  Arrhenius  gives 

the  energy  equation  for  the  ionization  of  dissolved  potassium 
(18) 

chloride  as 

KC1  =        +  CI"  +  362  cal. 

whereas  when  calculated  the  value  of  the  heat  of  ionization  is 
found  to  he  about  -2000  calories.    According  to  Senter,"it  seems 
that  the  process  of  ionization  must  he  attended  "by  some  exotherm- 
ic reaction  which  more  than  compensates  for  the  heat  presumably 

(19) 

absorbed  in  splitting  up  the  molecules."    Yan  der  V/aals        ,  as 
well  as  Werner,  has  suggested  that  ionization  in  aqueous  solution 
is  essentially  a  hydration  process  and  thus  the  energy  for  ion- 
ization may  come  from  the  combination  between  the  ions  and  water. 

The  heats  cf  ionization  are  small  in  comparison  with  the  heats  of 

(20) 

hydration.  Thomsen  has  found  values  as  high  as  8000  calories 
per  mol  of  water  combining  to  form  a  hydrate.  Of  the  two  effects 
this  one  would  therefore  be  the  predominating  one.  The  order  of 
magnitude  of  the  heats  of  formation  of  higher  order  complexes  of 
mixed  salts  is  also  great  enough  to  overshadow  any  ionization  ef- 
fect. A  few  examples  are  taken  from  Pattison  Muir's  "Elements  of 
Thermal  Chemistry",  Appendix  I. 
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SiF4(a%)   +  2KF(aq)  =  K2SiF6(agJ   +  23000  caL. 

Sal      +     HP  IlaHPg      +      17,000  cal. 

m2      +      HOL    =      HH4CI      +      42,000  caL. 

AuBr3(aqJ     4    HBr(aq)     =    HAuBr4(aq)     -»•    7,700  cal. 

These  heats  are  all  positive.    How  it  will  he  noted 
the  curves  in  Figures  13  to  L5  that  the  deviations  of  the  ob- 
served values  from  those  calculated  are  always  toward  a  larger 
negative  heat.     That  is,  with  dilution,  the  complexes  formed 
are  "broken  up  with  the  absorption  of  heat. 
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SUMMARY. 

L.      The  reversible  moLaL  heat  of  dilution  was  deter- 
mined for  solutions  of  the  single  salts  ITaCl,  KCL,  and  SrCls,  at 
various  concentrations  ranging  from  3.2  wt.N.  to  0.2  wt.IT. ,  and 
and  also  for  solutions  of  the  mixed  salts  !TaCl:KCl,  UaCl : l/2SrCl 
EC1: l/2SrCls ,  and  KCliSrCls  for  the  above  mentioned  range  of 
concentrations. 

2.  The  heats  of  dilution  of  KC1  and  ITaCl  are  neg- 
ative.    This  fact  in  the  light  of  the  equation 

X,      =    HT2    d  In  p/p0 

dT 

where        is  the  reversible  molal  heat  of  dilution,  indicates  an 
increase  in  the  degree  of  ionization  with  the  temperature,  con- 
trary to  the  experimental  results  of  A.  i.  No yes,  unless  ex- 
plained on  the  basis  of  the  decomposition  of  complexes  existing 
in  the  solution  with  dilution. 

3.  The  heats  of  dilution  for  the  solutions  of  the 
mixed  salts  hear  no  simple  additive  relation  to  the  heat  effects 
of  the  single  components  at  equivalent  concentrations. 

4.  The  results  have  been  explained  on  the  basis  of 
the  conception  of  higher  order  compounds  as  put  forth  by  A. 
7/erner. 


/ 
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